Two narrow and dense rings (called C1R and C2R) were discovered around the Centaur object (10199) Chariklo during a stellar occultation observed on June 3, 2013 . Following this discovery, we have planned observations of several occultations by Chariklo's system in order to better characterize the ring and main body physical properties. Here, we use 12 successful Chariklo's occultations observed between 2014 and 2016. They provide ring profiles (physical width, opacity, edge structure) and constraints on their radii and pole position. Our new observations are currently consistent with the circular ring solution and pole position, to within the ±3.3 km formal uncertainty for the ring radii, derived by Braga-Ribas et al. (2014). The six resolved C1R profiles reveal significant width variations from ∼ 5.5 to 7 km. The width of the fainter ring C2R is less constrained, and may vary between 0.1 and 1 km. The inner and outer edges of C1R are consistent with infinitely sharp boundaries, with typical upper limits of one kilometer for the transition zone between the ring and empty space. No constraint on the sharpness of C2R's edges is available. A 1σ upper limit of ∼ 20 m is derived for the equivalent width of narrow (physical width < 4 km) rings up to distances of 12,000 km, counted in the ring plane.
Introduction
The asteroid-like body (10199) Chariklo is a Centaur object orbiting between Saturn and Uranus. It probably moved recently (∼ 10 Myr ago) from the Trans-Neptunian region to its present location, and will leave it on a similar short time scale, due to perturbations by Uranus (Horner et al. 2004) . With a radius of 119 ± 5 km, estimated from thermal measurements (Fornasier et al. 2014) , it is the largest Centaur known to date, but still remains very modest in size compared to the telluric or giant planets. On June 3, 2013, a ring system was discovered around this small object during a stellar occultation. Two dense and narrow rings, 2013C1R and 2013C2R (C1R and C2R for short) were detected. They are separated by about 15 km and orbit close to 400 km from Chariklo's center (see Braga-Ribas et al. (2014) for details).
Until 2013, rings were only known around the giant planets. This discovery was thus surprising, and is a key to better understanding of the planetary rings, since they now appear to be more common than previously thought. In particular, the two rings being dense, narrow and (at least for C1R) sharp-edged, they look like several of the dense ringlets seen around Saturn and Uranus (Elliot and Nicholson 1984; French et al. 1991 French et al. , 2016 . In that context, there was a strong incentive for planning more occultation campaigns, first to unambiguously confirm the existence of Chariklo's rings and second, to obtain more information on their physical properties.
While the discovery occultation of June 3, 2013 provided the general ring physical parameters (width, orientation, orbital radius, optical depth,...), several questions are still pending, some of them being addressed in this work: do the rings have inner structures that give clues about collisional processes? How sharp are their edges? What are the general shapes of C1R and C2R? Do they consist of solidly precessing ellipses like some Saturn's or Uranus' ringlets? Do they have more complex proper modes with higher azimuthal wave numbers? Are there other fainter rings around Chariklo? What is the shape of the object itself and its role for the ring dynamics? Based on new results, what can we learn about their origin and evolution, which remains elusive (Sicardy et al. 2016 )?
This study is made in a context where material has also been detected around the second largest Centaur, Chiron (again using stellar occultations). The nature of this material is still debated and it could be interpreted as a ring system or a dust shell associated with Chiron's cometary activity (Ruprecht et al. 2015) . Since Chariklo is presently moving close to the galactic plane, stellar occultations by this body are much more frequent than for Chiron, hence a more abundant amount of information concerning its rings. The spatial resolution achieved during occultations reaches the sub-km level, impossible to attain with any of the current classical imaging instruments. This said, the very small angular size subtended by the rings (0.08 arcsec tip to tip, as seen from Earth) have made occultation predictions difficult in the pre-Gaia era.
In spite of those difficulties, we could observe 13 positive stellar occultations (including the discovery one) between 2013 and 2016, from a total of 42 stations distributed worldwide (in Brazil, Argentina, Australia, Chile, La Réunion Island, Namibia, New Zealand, South Africa, Spain, Thailand and Uruguay). Here, we focus on the ring detections (a total of 11 chords recorded after the discovery). We also obtained a total of 12 occultation chords by the main body from 2014 to 2016. Their timings are derived here, but their implications concerning Chariklo's size and shape will be presented elsewhere (Leiva et al., 2017, in preparation) . In Section 2, we present our observations and data analysis. In Section 3 we concentrate on the ring structures (width, inner structures, edge sharpness) and geometry (radius and orbital pole). The ring integral properties (equivalent width and depth) are derived in Section 4, before concluding remarks in Section 5.
Observations and Data Analysis
Following the ring discovery of June 3, 2013, we predicted and observed 12 positive stellar occultations by Chariklo and/or its rings between 2014 and 2016. In the following list, we mark in italic the events that led to multi-chord ring detections (thus providing constraints on the ring orientation, as discussed latter). Four occultations were observed in 2014, on February 16 (rings), March 16 (rings), April 29 (rings and body) and June 28 (rings and body). In 2015, only two positive detections were recorded on April 26 (rings) and May 12 (body), while six occultations were recorded in 2016: July 25 (body), August 8 (rings and body), August 10 near 14h UT (body), August 10 near 16h UT (body), August 15 (body) and October 1 (rings and body).
Predictions
Predicting stellar occultations by Chariklo and its rings is a difficult task, as the main body subtends about 25 milliarcsec (mas) as seen from Earth, while the rings have a span of about 80 mas. Thus, to be effective, predictions require accuracies of a few tens of mas on both Chariklo's ephemeris and the star position. To meet this requirement, we used a bootstrapping approach, in which each new detection of occultation is used to improve Chariklo's ephemeris, thus providing a better prediction for the next occultation. This continuous update results in the so-called NIMA ephemeris (Numerical Integration of the Motion of an Asteroid, Desmars et al. 2015 ) accessible online 2 .
The candidate stars for events in 2014 and in 2016 were identified during a systematic search for occultations by TNOs using the Wide Field Imager (WFI) at the ESO/MPG 2.2m telescope , with typical accuracies of ∼ 30 mas. However, for the 2015 season, the candidate stars were observed using only the IAG 0.6m telescope at OPD/LNA in Brazil, with lower accuracy than WFI, resulting in a larger number of missed events (two successes out of six attempts).
In the majority of the cases, the occulted star was imaged a few days or weeks prior the event in order to improve the astrometry. If possible the observations were made when Chariklo and the star were in the same Field Of View in order to cancel systematic errors. In those cases, accuracy of the predictions was estimated down to ∼ 20 mas.
The last occultation in our list (October 1 st , 2016) is special as its prediction was based on the new GAIA DR1 catalog released on September 15, 2016 (Gaia Collaboration et al. 2016 . However, the J2000 DR1 star position α = 18h16m20.0796s, δ = −33
• 01 10.756 (at epoch 2015.0) does not account for proper motion. We estimated the latter by using the UCAC4 star position (under the name UCAC4 285-174081) at epoch 2000 and obtained proper motions in right ascension (not weighted by cos(δ)) and declination of µ α = −0.43 ± 0.008 ms/yr µ δ = −2.02 ± 1.05 mas/yr. This provides a star position of α = 18h16m20.0789s, δ = −33
• 01 10.760 at the epoch of occultation. Combining this result with the NIMA ephemeris (version 9) finally provided a prediction that agreed to within 5 mas perpendicular to the shadow track and 20 seconds in terms of timing, and lead to a multi-chord ring and body detection.
Observations
The circumstances of the observations (telescope, camera, set up, observers, site coordinates, star information) that lead to ring or main body detections are listed in Table 1 . Conversely, the circumstances of negative observations (no event observed) are provided in Table 2 . Note that observations were made with both small portable telescopes and larger, fixed instruments. Each detection will be designated herein by the name of the station or by the name of the telescope, if well known.
From the timings of the star disappearance (or "ingress") and re-appearance ("egress") behind Chariklo and/or the rings, the geometry of each occultation was reconstructed, as illustrated in Fig. 1 . Currently, Chariklo's size and shape are not known well enough to reconstruct the occultation geometries from the events involving the main body. So, we used instead the ring events (even single-chord) to retrieve those geometries. As a starting point, we assume that the rings are circular with fixed orientation in space, and with the orbital parameters derived by Braga-Ribas et al. (2014) , namely a J2000 pole position of α p = 10h05m11.0016s, δ p = +41
• 28 32.4891 and respective radii a C1R = 390.6 km and a C2R = 404.8 km for the two rings. The reconstructed geometry allows us to derive the observed position of Chariklo center (reported in Table 1 ). If the star position was perfect, this derived position must coincide with the occulted star position. The difference between the two positions is the offset between the predicted and the observed Chariklo's position. This offset is implemented in NIMA after each occultation, in order to improve Chariklo's ephemeris.
If the rings are not circular, this will impact their pole position and will eventually be visible as discrepancies between observations and predictions. The pole position problem is discussed further in Section 3.4.
Note that some stations did not detect any ring occultations, whereas they should have considering the occultation geometry, see Reedy Creek on May 12, 2015 and Sydney on August 10, 2016. Data analysis shows that those non-detections are actually consistent with the low signal-to-noise-ratio (SNR) obtained at those stations. Thus, secondary events have always been detected if SNR was high enough. This leads us to conclude that C1R (which always dominates the profile) is continuous. Same conclusion on C2R is more ambiguous as C2R was usually blended together with C1R. Nevertheless, we will assume that C2R is continuous in this paper.
Data Reduction
After a classical data processing that included dark subtraction and flat fielding, aperture photometry provided the stellar flux as a function of time (the date of each data point corresponding to mid-exposure time), the aperture being chosen to maximize SNR. The background flux was estimated near the target and nearby reference stars, and then subtracted, so that the zero flux corresponds to the sky level. The total flux from the unocculted star and Chariklo was normalized to unity after fitting the light curve by a third or forth-degree polynomial before and after the event. In all cases, a reference star (brighter than the target) was used to correct for low frequency variations of the sky transparency.
The light curves are displayed in Fig. 3 and 4, each of them providing a one-dimensional scan across Chariklo's system, as projected in the sky plane. In some cases, the readout time between two frames caused a net loss of information as photon acquisition was interrupted during those "dead time" intervals. The flux statistics provides the standard deviation of the signal, which defines the 1σ error bar on each data point which was used latter for fitting diffraction models to ingress and egress events. Note that during an occultation by the main body, the stellar flux drops to zero, but the flux in the light curve is not zero, as it contains Chariklo's contribution, and in one case, the flux from a nearby companion star, see below.
The case of the double star of April 29, 2014
This event, observed from South Africa (see Table 1 ), revealed that the occulted star was a binary. As seen from Springbok, the primary star ("A") was occulted by C1R and C2R (but missed the main body), while the fainter companion star ("B") disappeared behind Chariklo along an essentially diametric chord at Springbok (Fig. 1) . Because the component B was about 9 times fainter than A (see below), and considering the drop of A caused by C1R at Springbok, we expect a short drop in the light curve of only 8% due to the disappearance of component B behind C1R. This is too small to be detected, in view of the SNR of about 7 per data point obtained at that station (Fig. 4) .
Meanwhile in Gifberg, we obtained only a grazing occultation of the primary star by C2R (Fig. 1) . This provides the best profile of that ring ever recorded (see Section 3.3). Finally, at the South African Astronomical Observatory (SAAO), only the component B was occulted by the rings, while the main star missed both the rings and the main body (Fig. 1) . However, due to the high SNR obtained at that station, the partial drop caused by the rings on component B has about the same useful SNR as the drop of component A as seen from the smaller telescope at Springbok.
For the Springbok light curve, we can estimate the flux ratio Φ A /Φ B between the two stars by considering the drop of component B caused by Chariklo. In doing so, we can neglect Chariklo's contribution to the total flux. From Chariklo's absolute magnitude, H V = 7.0 in 2014 , and heliocentric and geocentric distances of 14.8 au and 14.1 au during the event, respectively, we obtain a Chariklo apparent magnitude ∼ 18.6. This is 5.6 magnitudes fainter than the star, which has V=13.0 (NOMAD catalog 3 ), meaning that Chariklo contributed to the total flux of less than 0.6%, a negligible value at our level of accuracy.
The fractional drop observed during the occultation of B by Chariklo provides its partial contribution to the total stellar flux, Φ B = 0.1036 ± 0.0075 (Fig. 5 ). This implies a flux ratio (Φ A /Φ B ) TC247 = 8.65 ± 0.65, as measured by the Texas Instruments TC247 array used at Springbok (in broad band mode, no filter). This directly provides the baseline level for the occultations of A by the rings (Figs. 5 and 8 ), i.e. the level that corresponds to a total disappearance of component A. A similar calibration is not possible for the SAAO ring events, as that station did not record an occultation by the main body. Moreover, the ratio (Φ A /Φ B ) TC247 cannot be used, as the SHOC instrument (see Coppejans et al. 2013 ) used at SAAO (also in broad band mode) has a different spectral response, so that the ratio depends on the color of the two stars.
To proceed forward, we have used the B, V, K magnitudes of the star (taken from the Vizier page, in NOMAD catalog). We have generated combined synthetic spectra energy distribution of the two components, and using various (and separate) effective temperature T eff for A and B. The effect of interstellar reddening has been parametrized using the color excess E(B − V ). We adopted the classical total to selective extinction parameter R V = 3.1 for Milky Way dust from Fitzpatrick (1999) . The relative contributions of each component were adjusted in order to fit both the observed magnitude of the star and the flux ratio as observed with the TC247 array. Finally, accounting for the spectral response of the Andor array, we can then estimate the ratio (Φ A /Φ B ) Andor for that detector.
A difficulty stems from the fact that there is a degeneracy between the effective temperatures assumed for the two components, T eff (A) and T eff (B). The star B cannot be much cooler than A, otherwise its diameter would be larger and strong signatures in the near IR would appear in the composite spectrum. We have opted for a difference T eff (A)−T eff (B) ∼ 1000 K, and assume that the two stars are on the main sequence. We find a good fit to the observed magnitudes with T eff (A) = 5000 K and T eff (B) = 4000 K, and then a ratio (Φ A /Φ B ) Andor = 7.66, corresponding to a contribution to the total flux of Φ A = 0.885 ± 0.025 for component A, where the error bar is estimated from the typical possible ranges for T eff (A) and T eff .
Finally, we can estimate the apparent diameter of each component projected at Chariklo's distance: θ A = 0.199 ± 0.015 km and θ B = 0.092 ± 0.015 km. Those values will be used latter when fitting the ring profiles with models of diffracting, semi-transparent bands.
Assuming the ring radii and pole orientation of Braga-Ribas et al. (2014) , see also Section 2.2, and using the ring detections in Springbok, Gifberg and SAAO, we deduce that star B was at angular distance 20.6 mas from star A as projected in the sky plane, with position angle P = 209.8
• relative to the latter (where P is counted positively from celestial North towards celestial East).
Ring events analysis

Profiles fitting
In order to determine accurate and consistent timings of the ring occultations, we use a "square-well model" in which each ring is modeled as a sharp-edged, semi-transparent band of apparent opacity p (along the line of sight) and apparent width (in the sky plane) W ⊥ . We use the numerical schemes described in Roques et al. (1987) to account for Fresnel diffraction, stellar diameter projected at Chariklo's distance, finite bandwidth of the CCD, and finite integration time of the instrument. Finally, considering projection effects, we can derive the ring physical parameters (radial width, normal opacity, etc...) and orbital elements, see Appendix for details.
For sake of illustration, we give various parameters of interest in the case of the April 29, 2014 occultation. The Fresnel scale F = λD/2 for Chariklo's geocentric distance at epoch, D = 2.11×10 9 km is 0.83 km, for a typical wavelength of λ = 0.65 µm. The projected stellar diameters have been estimated above to 0.199 ± 0.015 km and 0.092 ± 0.015 km for the primary star and secondary star, respectively (see Section 2.4). The smallest cycle time used during that campaign was 0.04 s (at SAAO), corresponding to 0.5 km traveled by the star relative to Chariklo in the celestial plane. Consequently, the light curves are dominated by Fresnel diffraction, but the effects of stellar diameters and finite integration time remain comparable. Similar calculations for the other twelve occultations show that the effect of finite integration time dominated in all those cases. The synthetic ring profiles are then fitted to observations so as to minimize the classical χ 2 function:
where Φ is the flux, i refers to the i th data point, "obs" refers to observed, "calc" refers to calculated, and σ the 1σ-level error of the i th data point. The free parameters of the model are described in the next subsection. The 1σ error bar on each parameter is estimated by varying this particular parameter to increase χ 2 from the best value χ 2 min to χ 2 min + 1, the others parameters are set free during this exploration.
Mid-times and widths of the rings
The best fitting square-well model described above provides relevant parameters that depend on the occulting object. Three cases are possible: occultations by (1) main body; (2) resolved rings; (3) unresolved rings. The relevant parameters in each case are respectively (1) the times of ingress and the egress of the star behind the body; (2) the mid-time of the occultation t 0 , the radial width reprojected in the plane of the rings, W r , and the local normal opacity p N for each ring (see Appendix for details); (3) the mid-time of the occultation. Those parameters are listed in Table 4 (resolved ring events), Table 5 (unresolved ring events), and in Table 6 (main body events). The best fits for each occultation are plotted in The grazing occultation by C2R recorded in Gifberg (Fig. 1) requires a special analysis. In this geometry, the radial velocity of the star relative to the ring changes significantly during the event (while it is assumed to be constant for all the other events). To account for this peculiarity, we first converted the light curve (time, flux) into a profile (∆r, flux), where ∆r is the radial distance to the point of closest approach to Chariklo's center (in the sky plane). Then we can apply the square-well model as explained in section 3.1, except that the flux is now given in terms of ∆r, instead of time. Best fits for ingress and egress are plotted in Fig. 6 . Table 4 summarizes the values of W r for each resolved profile. Fig. 7 shows W r vs. the true longitude L counting from the ascending node. Accounting for the most constraining events, W r varies between 5 km and 7.5 km in C1R and between 0.05 km and 1 km in C2R (at 1σ-level). Fig. 11 ) is not the correct quantity to use in order to detect m = 1 proper modes (the true anomaly L − should be used instead of L, where is the longitude of periapse). As the precession rates of the rings are unknown, no conclusion can be made. Nevertheless, those width variations are observed both for a given occultation at different longitudes and for different occultations at different dates, see Fig. 7 . Implications are discussed in Section 6. Fig. 8 shows the best radial profiles of the rings that we have obtained so far, taken from the discovery observation of June 3, 2013 and the April 29, 2014 event. They are currently the only profiles that clearly resolve C1R from C2R, and in the case of the April 29, 2014 event, the only profiles that resolve C1R. A W-shape structure inside C1R is clearly seen at egress in the Springbok and SAAO profiles, and marginally detected in the Springbok ingress profile, while being absent (to within the noise) in the SAAO ingress profile.
Ring inner structures
Note that small (2-4 km) variations of radial distances between the two rings are visible in Fig. 8 . The average gap distance between the two rings on the six profiles is thus 14.8 km.
Since the origin of radial distance has been fixed arbitrarily on the center of C2R, it is not possible to attribute those variations to an eccentricity of C1R, C2R or both. Note also that the April 29 profiles are montages obtained by juxtaposing the profiles of C1R recorded at Springbok and SAAO and the profile of C2R recorded in Gifberg. So, they scan different rings longitudes, and conclusions based on this plot can only be qualitative.
Ring pole
By analogy with their Uranian counterparts, we expect that Chariklo's ring orbits have essentially elliptical shapes, corresponding to a normal mode with a m = 1 azimuthal harmonic number. Moreover, other modes with higher values of m are possible and the two rings may not be coplanar. However, data on Chariklo's rings are currently too scarce to reach those levels of details. Instead, we have to simplify our approach, considering the observational constraints at hand.
The simplest hypothesis is to assume that the two are circular, concentric and coplanar. Then, their projections in the sky plane are ellipses characterized by M = 5 adjustable parameters: the apparent semi-major axis a , the coordinates of the ellipse's center (f c , g c ), the apparent oblateness = (a − b )/a (where b is the apparent semi-minor axis), and the position angle P of the semi-minor axis b . For circular rings, = 1 − sin(B), where B is the ring opening angle (B = 0 and B = 90
• corresponding to edge-on and pole-on geometries, respectively).
Note that (f c , g c ) is related to the offsets in right ascension and declination between the predicted and observed positions of the object, relative to the occulted star. The positions of Chariklo deduced from (f c , g c ) -at prescribed times and for given star positions -are listed in Table 1 . They can be used to improve Chariklo's ephemeris, once the star positions are improved, using the DR1 Gaia catalog and its future updates. This circular ring model requires at least N ≥ M = 5 data points in order to provide a unique solution for the ring radius a (coincident with a ) and its J2000 pole position (α p , δ p ). Only the June 3, 2013 discovery observation with 7 chords (and thus N = 14 data points corresponding to the chord extremities) has sufficient constraints to provide unambiguous ring orbits. More precisely, as only one instrument (Danish telescope) could resolve the rings C1R and C2R in 2013, this multi-chord event mainly determines the orbit of C1R, which largely dominates the usually blended ring profiles. Then we assumed that C2R is coplanar with C1R and separated radially from it by a constant distance ∆a = 14.2 ± 0.2 km ).
The April 29, 2014 event provides two chords (N = 4 data points) on C2R. This allows us to definitely eliminate one of the pole positions derived from the 2013 event. Actually, determining the angles B and P at a given date provides two possible pole positions, 1 and 2, depending on which part of the rings, as seen in the sky plane, is the "near arm" or the "far arm", see Braga-Ribas et al. (2014) for details. The C2R chord observed at Springbok turned out to be longer than the longest possible length allowed by solution 2, thus confirming that the preferred solution 1 of Braga-Ribas et al. (2014) , based on the long-term photometric behavior of Chariklo (see also below), was actually the correct one.
In order to constrain the pole position, even with N < M , we vary the couple (P, B) in a predetermined grid, while the other three parameters are adjusted in order to minimize the radial residuals in the sky plane relative to the ring center. Since the pole position is given by two parameters (α P , δ P ), the 68.7% confidence domain (called 1σ-level here) is obtained by allowing variations of the χ 2 function from χ Fig. 9 . Note that it is consistent with but less accurate than the pole determined in 2013.
Finally, the October 1 st , 2016 event also provided two chords (N = 4 data points) across the rings, but without resolving C1R from C2R (Fig. 4) . Thus, we assumed that the profiles are dominated by C1R, and derived the pole position displayed in Fig. 9 . It is again consistent with the poles of 2013 and 2014, but with larger error bars due to the ill-configured chord geometry (nearly diametric) that permits more freedom on the pole position (Fig. 1) .
Further constraints are in principle provided by the long-term photometric behavior of Chariklo's system between 1997 and 2014, as compiled by Duffard et al. (2014) , see their Fig. 1 . The observed photometric variations can be explained by the changing viewing geometry of the rings, linked itself to the pole orientation. Contrary to the occultation data, the photometric variations do not depend on the particular shape of the rings (e.g. circular vs. elliptic). Fitting for the pole position and accounting for the error bars taken from Duffard et al. (2014) , we obtain the possible domain shown in Fig. 9 . Note that it is consistent with but less accurate than all our occultation results.
From Fig. 9 we can conclude that our current data set (spanning the 3-year interval 2013-2016) is consistent with circular rings that maintain a fixed pole in space, and to within the current formal error bar on the semi-major axis a (±3.3 km). Note that the extensions of the error domains for the pole position (colored regions in Fig. 9 ) are dominated by the errors in the data (i.e. the timings of the ring occultations), not by the formal error for a quoted above. In other words, even if the ring shape were known perfectly, the pole position would not be significantly improved compared to the results shown in Fig. 9 . A Bayesian approach could be used to estimate the probability that the rings are elliptic, considering the data at hand and assuming a random orientation for the ring apsidal lines. Considering the paucity of data and the large number of degrees of freedom, this task remains out of the scope of the present paper. In any case, new observations will greatly help into this approach by adding more constraints on the ring shapes and orientations.
For all the other ring single-chord detections (N = 2 data points), neither the rings radii nor their pole position can be constrained. Instead, assuming the pole orientation of BragaRibas et al. (2014), we determined the ring center, also assumed to coincide with Chariklo's center of mass. Having only one ring chord introduces an ambiguity as two solutions (North or East of the body center) are possible. However, in all cases but one (August 8, 2016) it was possible to resolve this ambiguity as the absence of detections made by other stations eliminated one of the two solutions. For the August 8, 2016 event, the ambiguity remains, and we give the two possible Chariklo's positions, see Table 1 .
None of the single chords are longer than the longest chord expected from the BragaRibas et al. 2014's solution, and thus remain fully consistent with that solution.
Sharpness of C1R edges
A striking feature of the resolved C1R profiles from the April 29, 2014 event is the sharpness of both its inner and outer edges. This is reminiscent of the Uranian rings French et al. 1991) , and might stem from confining mechanisms caused by nearby, km-sized shepherding moonlets . In order to assess the sharpness of C1R's edges, we use a simple model, where each edge has a stepwise profile, as illustrated in Fig. 10 . Instead of having an abrupt profile that goes from apparent opacity 0 to p , we add an intermediate step of radial width in the ring plane ∆w r and opacity p /2 around the nominal ingress or egress times, as deduced from the square-well model described before, see also Table 4 . With that definition, ∆w r is a measure of the typical edge width, i.e. the radial distance it takes to go from no ring material to a significant optical depth.
We explored values of ∆w r by varying the χ 2 function (Eq. 1) from its minimum value χ 2 min to χ 2 min + 1. The results are listed in Table 3 and illustrated in Fig. 10 . Note that all edges are consistent with infinitely sharp edges (∆w r = 0) to within the 1σ level and that upper limits for ∆w r are typically 1 km. No significant differences are noticeable between the inner and the outer edges, contrary to, e.g., some Uranian rings (French et al. 1991) .
Note finally that the width of C2R, as derived from the grazing event in Gifberg (Fig. 6 ) is slightly smaller (∼ 0.7 km) than the Fresnel scale (∼ 0.8 km). As such, it is not possible to assess the sharpness of its edges.
Integral properties of rings: equivalent width and depth
We now turn to the measure of the ring's equivalent width E p and equivalent depth A τ , two quantities defined and discussed by and French et al. (1991) , as detailed in the Appendix. Those quantities are physically relevant, as they are related to the amount of material present in a radial cut of the ring, in the extreme cases of monolayer and polylayer rings, respectively.
The values of E p are given in Table 4 (resolved events) and in Table 5 (unresolved events). For the resolved profiles, we have plotted E p against the radial width W r in Fig. 11 . Implications in terms of mono-versus polylayer models will be discussed in Section 6. For the profiles that resolve C1R from C2R (and where both rings were detected), and those where the two profiles are blended (the majority of our observations), we have plotted the integrated E p (1+2) against the true longitude L (counted from the J2000 ring plane ascending node) in Fig. 11 . From that figure, we see that the values of E p (1 + 2) lie in the interval 1-3 km, with no significant differences between the various measurements. In other words, no significant variations of E p (1 + 2) with time and/or longitude are detected in our data set.
In this preliminary study, the rings are considered as one entity C1R + C2R but further studies should treat them independently to derive conclusions on the structure of each of them.
Search for faint ring material
The best light curve available in terms of photometric quality is from the Danish Telescope. It was acquired at a rate of 10 frames per second during the 30 minutes bracketing the occultation of June 3, 2013 . It can be used to search for additional material orbiting Chariklo, assuming semi-transparent, uninterrupted, and permanent rings coplanar to C1R and C2R.
For this purpose, we consider the equivalent width E p (i) of the putative ring material intercepted during the acquisition interval ∆t(i) corresponding to the i th data point, and counted radially in the ring plane. Using the results of the Appendix (see also Boissel et al. 2014 for details), we obtain
where ∆r(i) is the radial interval travelled by the star during ∆t(i) (projected in the ring plane), and where φ(i) is the normalized stellar flux. Due to projection effects, the value of ∆r(i) varied between the extreme values of 3 to 4 km during the acquisition interval, which sets the radial resolution of this particular data set.
The values of E p (i) vs. radial distance r is displayed in Fig. 12 . Note that the light curve probes radial distances of up to ∼ 12, 000 km, about 30 times the ring radii. Using bins of width 60 km, we evaluate the variance of the difference between two consecutive points in each box, thus eliminating low frequency variations of E p (i). Dividing this variance by two (to account for the fact that the data points are uncorrelated) and taking the square root, we obtain the 1σ level, standard deviation of E p (i), denoted E p (1σ), see the red line in Fig. 12 . The value of E p (1σ) remains stable in the entire range considered here, with typical values of 20 m. Thus, at the 1σ level, we do not detect narrow (W r < 3-4 km) rings coplanar with C1R and C2R with equivalent width larger than about 20 meters. This is about ten times fainter than the equivalent width of C2R (Fig. 11) . Note that this limit corresponds to extreme cases of either opaque rings with width ∼ 20 m, or semi-transparent rings of width ∼ 3-4 km and normal opacity 0.007-0.005, and all the intermediate solutions that keep E p (i) at 20 m.
Concluding remarks
We detected Chariklo and/or its rings during a total of thirteen stellar occultations between 2013 and 2016. They demonstrate beyond any doubt that this Centaur is surrounded by a system of two flat rings, C1R and C2R. All the observations at hand are consistent with the circular ring solution of Braga-Ribas et al. (2014) , with C1R orbiting at 391 ± 3 km from Chariklo center and with C2R orbiting outside C1R at an average distance of 14.8 km (Fig. 8) . This definitely rules out interpretations of the initial observation of June 3, 2013 by a 3D dust shell, or a set of cometary-type jets being ejected from the surface of the body. In fact, the changing aspect of the rings seen during the occultations is entirely attributable the changing position of Chariklo relative to Earth, with a ring pole position that remains fixed in space (Fig. 9 ).
Our best resolved observation (April 29, 2014) reveals a W-shaped structure inside the main ring C1R (Fig. 8) . Moreover, the radial width W r of C1R measured on the best profiles exhibits significant variations with longitude, with a peak to peak variation of δW r ∼ 2.5 km between 5 and 7.5 km, see Table 4 and Fig. 7 . All the resolved profiles of C1R exhibit edges that are consistent with infinitely sharp boundaries, once diffraction and star diameter effects are accounted for. The typical 1σ upper limits for the edge transition zones is about one kilometer (Table 3 and Fig. 10 ). Note finally that none of our observations permits to resolve the profile of ring C2R, whose width is constrained between 100 m to 1 km (Fig. 11) .
Remarkably, C1R properties (W-shaped profile, variation of width with longitude and sharp edges) are reminiscent of the narrow eccentric ringlets found around Saturn (French et al. 2016) or Uranus (Elliot and Nicholson 1984; French et al. 1991) . The maintenance of apse alignment could be due to self-gravity (Goldreich and Tremaine 1979) , viscous effects at the edges (Chiang and Goldreich 2000) , or a combination of self-gravity and viscous effects (Mosqueira and Estrada 2002) . If validated, those models may provide insights into the ring physical parameters. For instance, the overdensities of material at some 100's m from the edges (as seen in Fig. 8 ) is predicted by viscous models and deserve more detailed observational support in the case of Chariklo. Also, the measure of the eccentricity gradient across the rings, q e , could be related to the surface density of the ring material, once Chariklo's dynamical oblateness J 2 is known (Pan and Wu 2016) . However, our current data set is too fragmentary for drawing any reliable conclusions in that respect, since both a comprehensive ring orbit model and the knowledge of Chariklo's J 2 are missing.
In their simplest forms, the Saturn or Uranus ringlets are described as sets of nested elliptical streamlines, with a width that varies as W r = [1 − q e cos(f )]δa, where f is the true anomaly, q e = aδe/δa measures the eccentricity gradient across the ring, δa and δe being the changes of the semi-major axis a and eccentricity e across that ring. Consequently, the interpretation of Fig. 7 remains ambiguous, since only the true longitude corresponding to the events is currently known, while the true anomaly f is unknown. In fact, any (expected) apse precession between observations impairs a correct interpretation of that figure. At this point, only the total eccentricity variation across the ring can be estimated, i.e. δe = δW r /2a ∼ 0.003 from the estimations of W r and a given above. This sets a lower limit of the same order for e, close to the eccentricity of Uranus' ring, 0.008 (French et al. 1991) .
A much better case for modeling the rings would be to derive W r vs. the ring radial excursion r − a relative to the mean radius r. The formula above predicts a linear behavior, u. Unfortunately, the ring center is currently undetermined: we assume on the contrary a circular ring to derive it, and determine its pole. The fact that the circular hypothesis provides satisfactory fits to our data, to within the accuracy of C1R's radius determination (some ±3 km), suggests that r − a should also vary by a few kilometers at most. In any case, the degeneracy between the ring eccentricity and its pole position can be lifted by obtaining several multi-chord occultations and more accurate pole positions than shown in Fig. 9 (and thus distinguish between projection and eccentricity effects). Also, as expected apsidal precession rates are of the order of a couple of months (Sicardy et al. 2016) , observations closer than that in time should be done to derive Chariklo's J 2 .
Turning now to the integral properties of the rings, we have determined the equivalent widths E p of C1R and C2R, when resolved, and the sum of the two when unresolved (Fig. 11) . We see that C1R, with E p (C1R) ∼ 2 km, contains about ten times more material than C2R, E p (C2R) ∼ 0.2 km. On one hand, if the equivalent width is constant within radial width, the ring can be considered as monolayer (French et al. 1986 ), as no shadowing by neighboring particules occurs (except in nearly edge-on view). On the other hand, if the ring is polylayer, the equivalent depth is independent from W r . In that latter case, the equivalent width can be expressed as a function of ring width W r and the constant value of equivalent depthĀ τ :
(this equation, based on the work of French et al. 1986 has been corrected by the factor 2 in optical depth due to the diffraction by ring particules -see Appendix). Fig. 11 shows E p vs. W r assuming several values ofĀ τ between 1.15 and 2 km for C1R and between 0.15 and 0.4 km for C2R (no real measurement of this parameter has been made in this work, the lines show the expected trends -see Appendix). Contrary to French et al. (1986) , the data do not allow any discrimination between E p or A τ constant within the radial width. Thus, no choice between the mono-or polylayer models can be made.
Finally, we have searched for faint material ring around the already discovered rings. The best data set at hand provides 1σ upper limits of ∼ 20 m for the equivalent width of narrow (< 3-4 km physical width) rings coplanar with C1R and C2R, up to distances of 12, 000 km (counted in the ring plane). Note that in 2015, direct images of Chariklo have been recorded using HST and SPHERE (Sicardy et al. 2015a,b) . The goal was to image the rings and/or look for possible shepherd satellite(s) and jets. Considering material of same albedo as the rings (p=0.1), following limits have been inferred: (1) no satellite bigger than ∼ 2 km (being brighter than V ∼ 26.1) up to 6400 km (∼ 8 times the ring size) from Chariklo center. (2) no satellite bigger than ∼ 1 km (V ∼ 27.5) up to 8 arcsec. For comparison the Hill radius is 7.5 arcsec. (3) no jet, coma or material brighter than V ∼ 28 corresponding to jets of width ∼ 10 km or material of optical depth of around 2 × 10 −5 per pixel. Note that HST resolution did not allow to look closer than 1000 km from Chariklo's center, so the rings were not detected.
Future observations will benefit greatly from the Gaia catalog. A flavor of it has been provided by the Gaia-based prediction of the October 1 st , 2016 occultation, which turned out to be correct to within 5 mas in declination (respectively 9 mas in right ascension), corresponding to about 50 km (respectively 90 km). The improvement of Chariklo's orbit stemming from successful occultation observations and the sub-mas accuracy of forthcoming Gaia catalogs will provide predictions accurate to the few-kilometer level. This will allow a much better distribution of stations (using portable instruments), with an optimal ring longitude coverage aimed at improving the ring orbital models. It will also be possible to plan multi-wavelength observations to constrain the ring particle sizes. Multi-wavelength instruments are rare, and difficult to obtain unless a strong case is made, based on reliable predictions. Higher SNR light curves will also be obtained in order to calculate the equivalent depths of both rings and definitely answer if the rings are monolayer or polylayer. Finally, the Gaia catalog will allow a much better coverage of Chariklo's limb, which is currently poorly mapped. The general shape and local irregularities of the body will in turn have important consequences for a better understanding of the ring dynamics.
A. Appendix: Equivalent width and equivalent depth definitions
We define p as the apparent opacity of the ring. It measures the fractional drop of stellar flux 1 − I/I 0 as observed from Earth (where I 0 and I are the incident and transmitted fluxes, respectively). Thus, p = 0 means a transparent ring and p = 1 means an opaque ring. By "apparent", we mean here as observed from Earth in the plane of the sky. The apparent quantities will be primed hereafter to distinguish them for the actual quantities at the level of the ring, see below. The apparent ring optical depth is defined as τ = − ln(1 − p ).
Appropriate transformations, accounting for the ring opening angle B and distance D to the ring, must be applied to derive the opacity p N and optical depth τ N at the ring level, where "N" means normal to the ring plane. Once this is done, one may define the equivalent width E p and equivalent depth A τ of the ring as the integrals of p N and τ N , respectively, over the ring radial profile of width W r (measured radially in the plane of the ring):
where v r is the radial velocity of the star relative to Chariklo in the ring plane.
The quantities E p and A τ are relevant for two extreme cases of ring structures. One is a monolayer ring, in which case p N = | sin(B)| · p (for | sin(B)| ≤ 1/p), where p is the ring opacity as seen under an opening angle B. The other model is a polylayer ring (where the ring thickness is much larger than the particle sizes), in which case τ N = | sin(B)| · τ , where τ is the ring optical depth, seen again under an angle B, see details in .
In principle, E p and and A τ can be determined by numerically performing the integrations | sin(B)| · (v r p)dt and | sin(B)| · (v r τ )dt over the observed profiles. Since the convolutions of the profiles by both Fresnel diffraction and stellar diameter conserve energy, those integrations provide the correct values of E p and and A τ . Those two quantities are eventually measures of the amount of material (per unit length) contained along a radial cut of the ring, in their respective domains of validity (monolayer vs. polylayer), see French et al. (1991) .
However, complications arise because of two effects: (1) the ring is not an uniform screen of opacity p, but rather a set of many particles that cover a fractional surface area p of the ring, while individually diffracting the incoming wavefront, and (2) in several cases, the ring profiles are not resolved, i.e. the entire stellar drop occurs inside an individual acquisition interval, thus "diluting" the opacity p over that interval. We now comment these points in turn.
First, individual ring particles of radius r diffract the incoming wave (with wavelength λ) over an Airy scale F A ∼ (λ/2r)D, as seen by the observer at distance D from the rings. With r ∼ of a few meters and D ∼ 2×10 9 km, and using wavelengths in the visible range, we obtain F A >∼ 500 km, which is significantly larger than typical values of a few kilometers for W ⊥ , the width of ring as seen in the sky plane. This results in a loss of light in the occultation profiles, making the rings appear more opaque than they actually are. It can be shown that the ring apparent optical depth τ (in the sky plane) is actually twice as large as its actual value τ , i.e. the one would have for an observer close to the ring: τ = 2τ , see Cuzzi (1985) . An equivalent way to describe that effect is to note that the actual ring opacity p is related to p by (1 − p) 2 = 1 − p . Thus, the ring acts as a screen of amplitude for the incoming wave, instead of screen of intensity, see details in Roques et al. (1987) .
If the ring profile is resolved, it is enough to estimate numerically the integrals:
The second point to examine is the fact that the ring profile may not be resolved during the integration time ∆t. In this case p is not known, and the integrals above cannot be evaluated without an independent piece of information. Let us consider the simple case of a uniform opacity p across the ring profile (square-well model). Then, the apparent equivalent width E = p W ⊥ (where W ⊥ is the width of the ring as observed in the sky plane) can be evaluated from energy conservation by E = f v ⊥ ∆t, where v ⊥ is the velocity of the star normal to the ring in the sky plane, and f is the fractional stellar drop during ∆t. From the definition of E p above (Eq. A3) and from (1 − p) 2 = 1 − p , one obtains:
Since 0 ≤ p ≤ 1, we have:
i.e. a uncertainty factor of two, depending on the assumption on p.
For unresolved events, the fit of the best square-well model to the data allows measurements of E p . The problem is that p is badly constrained (0 ≤ p ≤ 1) by the fits. Eq. A6 shows that error bars will be much larger than for resolved events. It could be possible to solve that problem by noting that p = E /W ⊥ = (E /W r )(v r /v ⊥ ). As we know W r we can constrain p , and thus E p . Assuming that W r,C1R+C2R lies between 3 and 14 km (see Table 4 ), the error bars values of E p remain similar to those without the width constraint. As we are not certain that 3 and 14 km are the width minimum and maximum, we choose not to use this constraint.
Note that the case of A τ is in general harder to solve. Even when the profile is resolved, the densest parts of the ring have high opacities p ∼ 1, and thus large uncertainties on τ = − ln(1 − p ) stemming from the data noise and uncertainties on the baseline levels (Fig. 8) . Consequently, we have not attempted to derive A τ for our current data set. Table 4 . Ring occultation timings and derived physical parameters (resolved events) 
(a) t 0 is the mid-time of the event in hours:min:sec. The error bars quoted are given at 1σ level.
(b) v ⊥ and vr are respectively the perpendicular velocity in the sky plane and the radial velocity in the ring plane.
(c) L is the true longitude counted from the J2000 ring plane ascending node.
(d) Wr is the radial width, measured in the plane of the rings.
(e) Ep is the equivalent width: Ep = Wr · p N where p N is the normal opacity in the plane of the rings.
(f ) Timings given by Braga-Ribas et al. (2014) .
(g) As the occultation was grazing, the velocity changes consequently between ingress and egress and to give fixed values is not relevant in this case (see text section 3.2) Table 5 . Ring occultation timings and derived physical parameters (unresolved events) b Two geometries are possible for this occultation. We choose arbitrary the closest to the prediction. The other geometry provides different longitudes: L ingress = 0.154 and Legress = 152.948 Table 6 . Occultation timings for the main body. Table 4 , 5 and 6). For those plots, we use the pole position and the radii from Braga-Ribas et al. (2014) : r C1R = 390.6 km, r C2R = 404.8 km and r Ck = 124 km. The center of ring system (blue cross) in each panel represents the offset in right ascension and declination between the predicted and observed positions of the Chariklo relative to the occulted star, as given in Table 1 . This offset was used to improve Chariklo's ephemeris. Tables 4 and 5 . The blue dots are the residual between the synthetic light curves and the data at each data point. Figure 4 shows the fits of remaining rings occultations. Table 4 ). The star motion relative to C2R was grazing, so that its velocity perpendicular to the ring changed significantly during the occultation. In this case, it is therefore necessary to express the flux against the distance to the point of closest approach to Chariklo's center in km in the sky plane, ∆r. Other than that, color conventions and vertical axis are the same as in Fig. 3 . . Bottom: the integrated equivalent width E p (1 + 2) of C1R and C2R versus the true longitude L, counted from the J2000 ring plane ascending node, from our best events (resolved or not).
As SAAO detected only a C1R occultation, and Gifberg only a C2R event, they have been removed from the plot. The dashed line indicates the mean value of the data points. . 2) vs. the radial distance (in the ring plane) to Chariklo's center. The data points corresponding to the detections of the main body and C1R and C2R have been removed for clarity (for comparison E p,C1R ∼ 2 km and E p,C2R ∼ 500 m -see Table 4 ). The black vertical dotted line indicates the location of C1R, and the horizontal dash-dotted blue lines mark the zero level for E p . Red solid lines: standard deviation (1σ level) of E p (i) estimated in bins of width 60 km, see text for details.
